In this work, we investigate Core Annular Flow (CAF) using computational techniques for the case in which the core fluid is non-Newtonian and the annular fluid is Newtonian. The CAF is simulated using the CFD software ANSYS FLUENT 14.5 in a horizontal pipe. The core fluid is a highly viscous shear-thickening oil while water, the annular fluid, is injected along the thin annular region. Volume of fluid (VOF) modelling is used to simulate the immiscible liquid pair in the limit of low Reynolds number (Re). We analyse data related to the pressure drop along the pipe and the hydrodynamics of flow. Grid convergence analysis is performed before selecting a suitable mesh for simulation, and the effect of changing the interfacial tension between the oil and water phases is also studied. It is observed that the lower the interfacial tension, the more stable is the CAF. We also observe that, for lower interfacial tension, the pressure drop is reduced to a value close to that for a pure water flow-demonstrating that a highly viscous non-Newtonian fluid can be effectively transported using the CAF lubrication method. A theoretical analysis is also reported for a fully developed flow, in which both fluids are non-Newtonian. Good agreement is seen between the mean velocity profiles predicted by theory and simulation.
Introduction
Highly viscous oils and other complex fluids cannot be easily transported via pipelines by themselves due to the high pressure drop required to pump these materials. Several authors have suggested benefits of using Core-Annular Flows (CAFs), wherein the oil phase is in the center of the pipe and a lubricating layer of water flows adjacent to the wall surface 1, 2, 3, 5, 6, 7 . In CAFs, pumping pressures are lower, since they are balanced by the lower wall-shear stresses acting on the annular fluid. In practice, however, perfect CAF is difficult to achieve, since waves are generated at the interface of the water and the oil, leading to Wavy Core Annular Flow (WCAF) 2, 7, 5 . Extensive literature is available on CAF, including models for levitation, stability studies, empirical studies of the energy efficiency of different flow types, empirical correlations providing information on the pressure drop versus mass flux etc. 2, 7, 5, 6 . However, almost all of the studies to date have been performed with the assumption of a constant viscosity core fluid. CAFs have also been extensively studied through CFD with cases of sudden contraction, sudden expansion and return bends; however, even in these studies, the viscosity of the core fluid is considered to be constant 8, 9, 10 . The present work considers possible transportation of a highly viscous non-Newtonian fluid using CAF by employing CFD simulation. This paper starts with a theoretical study of flow equations for the two cases: (1) a power-law fluid lubricated with a Newtonian fluid and (2) when both the fluids are power law fluids with different consistency and flow-behavior indices. A simulation of CAF is then attempted using the software package ANSYS FLUENT 14.5, with a non-Newtonian (shear thickening) fluid as the core, and water as the annulus.
Flow equations

Power-law fluid lubricated with a Newtonian fluid
The case of axisymmetric CAF with two incompressible and immiscible fluids is considered, as shown in Figure 1 . The core is a non-Newtonian (power law) fluid, while water flows in the annular region. The flow is assumed to be steady and fully developed, with zero radial and azimuthal velocity. The fluid velocity in the z direction is denoted by u z , while η is the interface height. The relationships between shear stress and shear rate for core and annular fluids, respectively, are:
where μ 1 and n are the consistency and flow behavior indices of the core fluid, while μ 2 is the (Newtonian) viscosity of annular fluid, in this case, water. By applying a force balance approach to the core fluid and by using the Navier-Stokes equations for the annular fluid, the following differential equations can be obtained:
where χ is the negative of the pressure gradient and c is a constant. The superscripts (1) and (2) represent the core and annular fluids, respectively. The boundary conditions for this flow system are:
The velocity profiles for the two fluids can be obtained by solving the differential equation (2) using the boundary conditions shown in equation (3) as:
From this expression, the non-dimensional form of the velocity profiles can be obtained as: whereη andr are non-dimensional parameters defined as:η = η/R andr = r/R. From equation (4) The interface velocity (u I , at r = η) can be observed as:
The flow-rates for the two fluids are given by:
z (r)dr ;for core 2π R η ru (2) z (r)dr ;for annular (7) This results in the following expressions for flow-rates and average velocities for the two fluids:
;for core
;for annular (8)
;for annular (9)
Both the fluids are power-law fluids
If both of the fluids (core and annular) are power-law fluids, the relationships between the shear stress and the shear rate can be written as:
where μ i and n i are the consistency and flow behavior indices. Here, i=1,2 represents Fluid 1 and Fluid 2, respectively. A few studies have been reported on the case in which both the fluids are power-law fluids but have the same flowbehavior indices (n 1 = n 2 = m) 11, 12 . Here, a case is considered in which the two fluids have different flow-behavior indices.
By using a force balance approach for both the fluids and by using the boundary conditions shown in equation (3), the following velocity profiles can be obtained in a similar way:
In this case, the flow-rates and average velocities can be obtained as:
; for annular (13) where N =
. In the present paper, the study is carried out by simulating the CAF with a power-law fluid as the core and water (Newtonian fluid) as the annulus.
Model development
Model geometry and assumptions
A two-dimensional, axisymmetric transient model has been developed to study the horizontal CAF. The flow geometry is shown schematically in Figure 2 (a) and a representational image of the model is shown in Figure 2(b) . A pipe of diameter 0.003 m and length 0.025 m has been considered for the analysis. A highly viscous non-Newtonian power law fluid with a consistency index (μ 1 ) = 10Pa · s n and a power law index (n)=1.2 is introduced as the core, while water (μ 2 = 1.003 × 10 −3 Pa · s) is injected through a nozzle into the annular space. The densities of the core and the annular fluids are ρ 1 = 1100kg/m 3 and ρ 2 = 998.2kg/m 3 , respectively. Gravity has been ignored since we are studying an axisymmetric setup. The CFD software package ANSYS FLUENT 14.5 is used for the simulation 4 . The two fluids are assumed to be immiscible and incompressible. The case of low Reynolds number (Re) is studied to generate useful data regarding the pressure drop and hydrodynamics of flow. Since the two fluids share a relatively well-defined interface, the Eulerian-Eulerian based Volume of Fluid (VOF) model has been used. Mesh generation was completed after performing grid-sensitivity analysis. 
Governing equations
The continuity and momentum conservation equations are solved by ANSYS FLUENT for all types of flows 4 . The continuity equation is given as:
where ρ, − → u and S m are the density, velocity-vector and mass-source terms, respectively. In the present analysis, S m is zero. The VOF model solves a single set of momentum equations and tracks the volume fractions of each fluid throughout the domain 4 . The momemtum equation is given as:
where p, μ, g and − → F are the pressure in the flow-field, the viscosity, the gravitational acceleration and the body forces, respectively.
Volume of Fluid (VOF) model
The VOF model assumes that the two fluids are not inter-penetrating. For each additional phase, a new volume fraction variable is introduced in the computational domain. In each cell, the sum of volume fractions of all phases results in unity. The shared-fields approximation illustrates the sharing of variables and properties in any given cell by one or more fluids, depending on their volume fractions. Thus, if p th fluid's volume fraction in the cell is represented as β p , then the following three conditions are possible 4 :
• β p = 0 : the cell is empty (of the p th fluid)
• β p = 1 : the cell is full (of the p th fluid) • 0 < β p < 10 : the cell contains the interface between one or more other fluids
The interface between the phases is tracked by solving the continuity equation of the volume fraction of phases. For the p th phase, this equation has the following form 4 :
whereṁ qp is the mass transfer from the q th phase to the p th phase andṁ pq is the mass transfer from the p th phase to the q th phase. For the primary phase, the volume fraction is computed by the following constraint and not by solving the volume fraction equation 4 :
where n is the total number of phases. There are two immiscible fluids in the present study.
Boundary conditions and discretization
A two-dimensional, pressure-based, axisymmetric, transient solver is used with the VOF model. Water is specified as the primary phase and a power-law fluid as the secondary phase. The inlet and outlet boundary conditions are fixed as velocity inlet and pressure outlet, respectively. For all of the simulations, the core inlet velocity is kept as 0.03 m/s and that of water as 0.02 m/s. The center-line boundary condition is set as axis for the study of the axisymmetric case. A no slip, no penetration boundary condition is imposed at the wall. Initially, the domain is filled with only water. A schematic of the meshed geometry and the boundary conditions is shown in Figure 3 . A transient simulation with a fixed time step is performed to capture the dynamic behavior of the two-phase flow. Different methods are used for discretization of the governing equations. A first-order upwind method is used for the discretization of the momentum equation since this scheme provides a proper representation of the physics of flow. For pressure-velocity coupling, PISO (Pressure Implicit with Splitting of Operators) is used.
Results and discussions
Volume fraction contours
The contours of the volume fractions of the power-law fluid at different time values are shown in Figure 4(a) . A snapshot of the developed region is shown in Figure 4(b) . In this case, the interfacial tension between the core and annular fluids is taken to be 0.02 N/m. A study in which interfacial tension is varied is performed later.
Pressure and velocity profiles
The variation of pressure in the axial direction and the streamwise velocity profiles in the fully developed region are shown in Figure 5 power-law fluid, remains almost the same as that in the case of only water. In the initial region, where only the core fluid is present, the pressure drop is considerably higher. The velocity profile shows that the flow of the highly viscous core fluid can be approximated as 'slug flow' with little deformation of the core. The velocity profiles are plotted in a developed domain shown in Figure 6 (a). 
Grid convergence analysis
Grid sensitivity (or grid independence) is investigated by comparing results from different levels of meshes. Typically, a grid convergence is said to be achieved when further changes in the solution are small enough to be neglected. In this study, three cases have been simulated, with different grid sizes, as shown in Table 1 . Here, z and r are the grid resolutions in z (axial) and r (radial) directions, respectively. The total number of nodes in the geometry are typically refined by a factor of 1.5 with respect to the previous case. All other parameters (discretization methods, boundary conditions, time steps, etc.) in all three cases have been kept constant. The average streamwise velocity profile and the volume fraction are compared for different levels of mesh.
The results (at t=0.7 s) from the grid convergence study are shown in Figure 7 . Figure 7 (a) represents the axialaverage of the volume fractions (φ avg ) of the core fluid in a specific domain, shown in Figure 6 (a). Figure 7 (b) represents the velocity profiles at different levels of mesh. The simulation is then carried out with the finest mesh among these three cases. 
Results: Effects of variation of interfacial tension
The effects of varying the interfacial tension (σ) between the two fluids on the CAF has been studied here for four different σ values: 0.01 N/m, 0.02 N/m, 0.03 N/m and 0.04 N/m. The results of this study are shown in Figure 8 . It is observed that for the lowest value of the interfacial tension, the pressure drop is minimal. This is a direct result of the fact that at low values of interfacial tension, the interface is less wavy. At higher values of interfacial tension, the interface becomes more convoluted and fouling of the core is observed. This behavior is expected, since curved interfaces are energetically more favorable in higher surface tension. However, lowering the interfacial tension has its limitations; at ultra-low values of interfacial tension, emulsification may occur, in which the core fluid disperses into the annular fluid (or vice versa). 
Conclusions
Core-annular flow (CAF) is demonstrated to be a low-energy option for the pipe flow of highly viscous nonNewtonian fluids, with significantly lower pressure requirements than those required in pumping the viscous material natively. With CAF, the low viscosity of the annular fluid means that the pressure drop, and consequently the pumping power can be significantly reduced, with a concomitant reduction in energy cost. Simulations demonstrate that to achieve a stable CAF, the interfacial tension between the two fluids should, preferably, have a low value. Future development of these concepts will begin with a detailed study of interfacial instabilities, in order to understand the flow-behavior for a wide range of parameters and flow disturbances.
